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Abstract
We have investigated both static and dynamic magnetic properties of polycrystalline CaRu1−xScxO3 sys-
tem in order to clarify the role of Sc ions as a disorder for magnetic ordering. We have observed typical
features of a ferromagnetic cluster glass state below around 40 K: (i) a broad, frequency-dependent peak
in the ac magnetic susceptibility, (ii) a slow relaxation of the magnetization, and (iii) a continuous increase
in the dc magnetic susceptibility in field cooling process. The composition dependence of characteristic
parameters for the cluster glass state suggests that chemical segregation can hardly explain the clustering
mechanism. We propose a possible picture that the ferromagnetic clusters are distributed uniformly and
form the glassy state embedded in the paramagnetic and metallic host of CaRuO3.
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I. INTRODUCTION
The Ruddlesden-Popper-type ruthenium oxides (Ca, Sr)n+1RunO3n+1 have been extensively
studied because of a variety of electronic and magnetic ground states, such as a spin-triplet su-
perconductor, an antiferromagnetic Mott-insulator, and a ferromagnetic metal1–3. This richness
originates from the fact that Ru4+ ions have more extended d orbitals than 3d transition metal ox-
ides. Namely, various ground states emerge through two kinds of interplay. One is the interplay
between itinerant and localized nature of 4d electrons. Strong hybridization between 4d orbitals
produces relatively wide 4d bands, being favorable for metallic conduction. This itinerant char-
acter competes with the localized character resulting from the on-site Coulomb repulsion. The
other is the interplay among the charge, spin, orbital, and the lattice degrees of freedom. Owing
to the spatially extended 4d orbitals, Ru4+ ions experience the strong crystal field from six sur-
rounding O2− ions coordinated octahedrally. As a result, the electronic states of Ru4+ are sensitive
to the distortion of a RuO6 octahedron. In other words, they are easily modified by changing the
lattice degrees of freedom. Indeed, the ground state of these ruthenates is tuned by applying a
perturbation such as chemical substitution, pressure, and magnetic field.4–7
A nearly cubic perovskite CaRuO3 (n = ∞) shows a metallic-like conduction and a paramag-
netic susceptibility obeying the Curie-Weiss law.8,9 A large negative Curie-Weiss temperature of
-140 K could lead to a magnetic transition at low temperature below around 100 K, but curiously
enough, no long-range magnetic ordering has been found down to 1.5 K.10,11 Kiyama et al. have
found that the characteristics of the specific heat and high-field magnetization can be explained in
the framework of spin-fluctuation theory on itinerant-electron magnetism.12,13 Furthermore, they
have observed robust ferromagnetic spin fluctuations in 17O NMR study.14 Based on these results,
they have suggested that CaRuO3 is a nearly ferromagnetic metal. In contrast, Felner et al. have
claimed that this compound is a spin-glass system because the magnetic susceptibility shows the ir-
reversibility between zero-field cooling and field cooling processes in low magnetic fields.15 Other
groups have discussed from non-Fermi liquid behavior a possibility of a quantum criticality.16,17
In this way, the magnetic ground state of CaRuO3 is still under debate. Nevertheless, there is
a consensus that this paramagnetic metal has magnetic instability and would readily turn into a
magnetically ordered state by a perturbation.
Chemical substitutions can be useful to understand the physical properties of such a system.
Many extensive studies on the 3d transition metal substitution for Ru site have suggested that a
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ferromagnetic ordering is induced by a small amount of substitution of both magnetic and non-
magnetic ions such as Cr3+, Fe3+ and Ti4+(Refs. 18-20). This phenomenon probably reflects the
magnetic instability of CaRuO3. Thus, understanding of the ferromagnetic ordering provides an
insight into the magnetic ground state of the paramagnetic metal, but the nature and origin of the
ferromagnetism have not been fully clarified in spite of many efforts so far.
In our previous study,21 we investigated the static magnetic properties of CaRu1−xScxO3 in the
range of 0 ≤ x ≤ 0.20. We found that all the Sc-substituted samples show a ferromagnetic ordering
with an x-independent transition temperature Tc ∼ 30 K. We also found that the Curie-Weiss
temperature θCW dramatically changes from -150 K at x = 0 to +5 K at x = 0.20, in contrast to the
x-independent Tc. This inconsistency between Tc and θCW implies that CaRu1−xScxO3 is a non-
uniform magnetic system, i.e., a system consisting of more than one magnetic component. We
proposed a phenomenological two-component model and analyzed the static magnetic properties.
Consequently, we successfully described the static magnetic properties of Ca[Ru4+1−2xRu5+x ]Sc3+x O3
as a volume average of a paramagnetic component originating from Ru4+ ions and a ferromagnetic
one induced by Ru5+ ions which are generated by non-magnetic Sc3+ substitution.
The two-component analysis does not necessarily mean a phase segregation, and a microscopic
picture of the ferromagnetic component remains unclear. In particular, the length scale and the
distribution pattern of the ferromagnetic region are open to question. We note here that the chem-
ical substitution usually introduces a disorder, and whether a long-range magnetic ordering exists
is nontrivial. In fact, some groups have pointed out a possibility that CaRu1−xMxO3 (M = tran-
sition metal ions) is an inhomogeneous ferromagnetic system,22,23 but the direct evidence has not
yet been found. In this study, we have investigated the static and dynamic magnetic properties of
CaRu1−xScxO3 (x = 0.10, 0.20) in order to verify the role of Sc ions as a disorder for the magnetic
ordering. The samples used here are the same as used in our previous work.
II. EXPERIMENTS
Polycrystalline specimens of CaRu1−xScxO3 (x = 0.10, 0.20) were prepared by the standard
solid-state reaction method using high-purity reagents of CaCO3 (3N), RuO2 (3N), and Sc2O3
(3N). A detailed recipe of preparation was described in our preceding paper.21 X-ray diffraction
patterns showed that all the prepared samples crystallize in the GdFeO3-type structure of the space
group Pnma. In addition, the diffraction peaks shift systematically in 2θ and show no split with
3
increasing x. Accordingly, chemical homogeneity of the Sc-substituted samples is likely to be
ensured, though a full width half maximum (FWHM) in 2θ increased with Sc substitution; the
FWHM of (242) peak changes from 0.20◦ at x = 0 to 0.52◦ at x = 0.20. The homogeneity was
further examined for CaRu0.80Sc0.20O3 by the energy-dispersive X-ray spectroscopy (EDS) map-
ping analysis using a JEOL JEM-2100F field-emission transmission electron microscope operated
at 200 kV. Figure 1(a) and (b)-(d) show the TEM bright-field image of the sample and the corre-
sponding EDS mapping images of Ca, Ru, and Sc elements, respectively. The bright spots stand
for the presence of each element. These images demonstrate that all the elements including Sc are
indeed uniformly distributed throughout the sample with a spatial resolution of 1-2 nm.
The ac magnetic susceptibility measurements were performed between 2 and 60 K in the fre-
quency range from 1 kHz to 100 kHz using a homemade probe. The amplitude of an ac magnetic
field hac is about 0.01 Oe. The static magnetic measurements were carried out using a Quantum
Design superconducting quantum interference device magnetometer. The dc magnetic susceptibil-
ity χ(= M/H) in field cooling (FC) and zero-field cooling (ZFC) processes was measured between
2 and 60 K for an applied dc magnetic field (H) of 20 Oe. Magnetization (M) data were collected
between -70 kOe and 70 kOe in the temperature range of 2 ≤ T ≤ 80 K. Magnetic relaxation mea-
surements were performed at 2 K for 24 h in both CaRu0.90Sc0.10O3 and CaRu0.80Sc0.20O3. In these
measurements, the sample was first cooled in ZFC from 200 K down to a desired temperature, and
then a dc magnetic field of 70 kOe was applied for 5 minutes. After that, the field was switched
off and the isothermal remanent magnetization MIRM(t) was recorded as a function of time t.
III. RESULTS AND DISCUSSION
Figure 2(a) shows the temperature dependence of the real component of the ac magnetic suscep-
tibility χ′ac for CaRu0.80Sc0.20O3. χ
′
ac exhibits a broad peak at Tf for various frequencies f = ω/2pi.
With increasing f , the peak becomes broader and Tf shifts to higher temperatures. The same fea-
tures are observed in CaRu0.90Sc0.10O3 (not shown). For conventional ferromagnets, this peak shift
is observed in high frequency range from MHz to GHz.24 Consequently, the peak shift observed
here suggests that CaRu1−xScxO3 system does not have a long-range ferromagnetic ordering but
rather a magnetic glassy state. To confirm this, we have measured the time dependence of the
isothermal remanent magnetization MIRM(t) at 2 K. MIRM(t) is found to show a relaxation for each
sample as shown in Fig. 2(b). Although this feature is also indicative of the glassiness, the relax-
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ation is too slow (the decreases of about 9 % for CaRu0.90Sc0.10O3 and 7 % for CaRu0.80Sc0.20O3
in a day). This long relaxation time makes it difficult to distinguish the glassy state from the
ferromagnetic ordering through static magnetic measurements in the Sc-substituted samples.
Here we estimate the frequency-shift rate of Tf per decade ω given by δTf = (∆Tf/Tf)/∆log10ω.
This parameter is useful for characterizing magnetic glassy systems. The δTf value is evalu-
ated to be about 0.022 for both CaRu0.90Sc0.10O3 and CaRu0.80Sc0.20O3. This value is larger
than the values reported for typical spin-glass materials (δTf = 0.005 for CuMn and 0.006 for
AgMn),25 but smaller than those reported for typical superparamagnetic materials (δTf = 0.28 for
α-Ho2O3(B2O3)).24 Thus, our system seems to be an intermediate material, i.e., a cluster glass ma-
terial which consists of interacting magnetic clusters. In order to get more information, we have
analyzed the Tf data by fitting using the empirical Vogel-Fulcher law given by24
ω = ω0 exp
[
−
Ea
kB(Tf − T0)
]
, (1)
where kB is the Boltzmann constant, ω0 is the characteristic frequency, Ea is the activation energy,
and T0 is the Vogel-Fulcher temperature. A value of Ea and T0 reflects the size of a cluster and the
strength of the intercluster interaction, respectively. Rewriting Eq. (1) as
Tf = T0 +
Ea
kB
[
ln
(
ω0
ω
)]−1
(2)
useful for analyzing the data. According to this expression, Tf is a linear function of 1/ln(ω0/ω).
As shown Fig. 3, the observed Tf data have indeed good linearity. The solid lines represent the
best fit to the experimental data by Eq. (2), where we fixed ω0/2pi to be 1012 Hz according to a
previous study.26 From the fitting, we have found that the Ea/kB value (∼ 86 K) is unchanged by Sc
substitution, while T0 slightly increases from 22.1 K to 22.8 K with increasing x. A non-zero value
of T0 indicates that the ferromagnetic clusters interact with each other, from which we can exclude
a possibility that our system is superparamagnetic. Besides, the increase in T0 is agreement with
the slower relaxation of MIRM(t) in CaRu0.80Sc0.20O3 than that in CaRu0.90Sc0.10O3.
An additional piece of evidence for the cluster glass state is observed in the dc magnetic suscep-
tibility measurements. Figure 4 shows the temperature dependence of M/H for CaRu0.80Sc0.20O3
on field cooling (χFC) and zero-field cooling (χZFC) processes in the dc magnetic field of 20 Oe.
There is no difference between χFC and χZFC far above 40 K. With decreasing temperature, χZFC
deviates from χFC at a bifurcation point Tir (∼ 38.0 K) and shows a pronounced maximum at a
peak temperature Tm (∼ 24.5 K). An important feature is that Tir > Tm, which occurs in ferro-
magnetic cluster glass systems, not in spin-glass systems.27 Another feature is that χFC continues
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to increase below Tm, which also occurs in ferromagnetic cluster glass systems.28,29 A spin-glass
system would show T -independent χFC below Tm(= Tir).27 The irreversibility between χZFC and
χFC below Tir is a sign of the freezing in spin-glass systems, while the higher Tir than Tm in cluster
glass systems probably reflects the formation of the clusters. Thus, we should consider Tm as a
freezing temperature of the ferromagnetic clusters.
To investigate how the ferromagnetic cluster glass state evolves, we measured the field depen-
dence of magnetization (M-H curve). Figure 5 shows the M-H curves in CaRu0.80Sc0.20O3 mea-
sured at various temperatures between 2 and 80 K. M increases linearly with increasing magnetic
field at 80 K, showing that the system is in a paramagnetic state. With decreasing temperature,
the magnetization becomes non-linear significantly below 40 K. This result suggests that the ferro-
magnetic clusters begin to form gradually from this temperature, which is consistent with the rapid
increase in χFC below Tir. In this case, the increase of M can be explained in terms of the increase
of the volume fraction of the clusters. Since M monotonically increases down to 2 K, the number
and/or size of the clusters seems to increase even after they freeze at Tm. The absence of saturation
must have resulted from the glassiness. The inset of Fig. 5 shows the temperature dependence of
the coercive force Hc, which is a quantitative measure of magnetic hysteresis. Magnetic hysteresis
loops appear below almost T0. This fact is reasonable because the magnetic interaction between
clusters probably causes the magnetic hysteresis.
Next let us discuss a microscopic picture of the ferromagnetic cluster glass state. The composi-
tion dependence of Ea and T0 suggests that the ferromagnetic clusters with a specific size increase
in number with increasing Sc content, or equivalently, Ru5+ ions. This fact rules out the simplest
possibility for the clustering mechanism that the ferromagnetic clusters result from domains of
densely condensed Ru5+ ions driven by phase segregation/ precipitation, because the cluster size
is expected to change in this case. Here we shall consider the cluster size in relation to the two-
component model proposed in our previous report.21 In this model, the experimentally-observed
dc magnetic susceptibility χ(x, T ) and magnetization M(x, H) of the Sc-substituted samples can be
described using the expressions given by
χ(x, T ) = (1 − 2x)χp(T ) + xχf(T ), (3)
M(x, H) = (1 − 2x)Mp(H) + xMf(H), (4)
where χp(T ) and Mp(H) are the susceptibility and magnetization of the paramagnetic component
respectively, χf(T ) and Mf(H) are those of the ferromagnetic one. Note that the ferromagnetic
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cluster glass state should lead to the ferromagnetic component. The scaling of Mf to x implies
that the clusters do not overlap with each other despite increase in the number of clusters with
x. To satisfy this condition up to x = 0.20, the length scale of the ferromagnetic clusters should
be comparable with the Ru-Ru distance. In this context, a minimum cluster will be six Ru4+ ions
surrounding one Ru5+ ion. Accordingly, we propose a possible picture that the small ferromagnetic
clusters are distributed uniformly at a nano-meter scale and form the glassy state embedded in the
paramagnetic and metallic host of CaRuO3. For this picture, the clusters are proportional to x in
number. It is, however, yet to be explored whether such a microscopic clusters really exist or not.
Finally, we mention a point of similarity between non-magnetic ion substitutions. We notice
that CaRu1−xTixO3 system shows static magnetic properties similar to the Sc-substituted samples:
the x-independent onset of the dc magnetic susceptibility and the absence of saturation in the
magnetization.22 This fact implies that the non-magnetic ion substitutions induce a common mag-
netic state, i.e., the paramagnetic phase originating from CaRuO3 and the ferromagnetic cluster
glass phase driven by the substitution. For clarifying the common features, a comprehensive study
of non-magnetic ion substitution effects is necessary.
IV. SUMMARY
We have investigated the static and dynamic magnetic properties of polycrystalline
CaRu1−xScxO3 (x = 0.10, 0.20). We find the signature of a magnetic glass state: the frequency
dependence of the ac magnetic susceptibility in the range of 1 k ≤ ω/2pi ≤ 100 kHz and the slow
relaxation of the isothermal remanent magnetization. The frequency shift rate of Tf is evaluated to
be 0.022, which corresponds to that of cluster glass systems. Furthermore, the dc magnetic suscep-
tibility shows characteristics similar to those observed in cluster glass systems. These results have
verified the presence of the ferromagnetic cluster glass phase. We also find that the magnetization
shows the non-linear field dependence below 40 K. This result suggests that the ferromagnetic
clusters begin to form from this temperature and freeze at Tm(∼ 24.5 K). The x dependence of the
characteristic parameters, Ea and T0, suggests that the ferromagnetic clusters increase in number
while keeping their size unchanged. We have proposed a possible picture to be examined with
further microscopic experiments.
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FIG. 1: (Color Online) (a) TEM bright-field image of polycrystalline CaRu0.80Sc0.20O3. (b)-(d) The corre-
sponding energy-dispersive X-ray spectroscopy mapping images for (b) Ca, (c) Ru, and (d) Sc elements.
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FIG. 2: (Color Online) (a) Temperature dependence of the real component of the ac magnetic susceptibility
χ
′
ac for CaRu0.80Sc0.20O3 in the ac magnetic field with various frequencies. (b) Time dependence of the
isothermal remanent magnetization MIRM(t) of CaRu0.90Sc0.10O3 and CaRu0.80Sc0.20O3 measured at 2 K.
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FIG. 3: (Color online) The peak temperature Tf plotted against 1/ln(ω0/ω). The solid lines represent a fit
using the Vogel-Fulcher law (see text).
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